The nanocrystalline nickel coating was synthesized by pulse-jet electrodeposition from modified Watts bath. Pulse and jet plating was employed to increase the deposition current density, decrease diffusion layer, increase the nucleation rate and in this case the prepared method would result in fine-grained deposits. Transmission and scanning electron microscopy and X-ray diffraction (XRD) were used to study the microstructure, the surface morphology, the crystal preferred orientation and the variety of the lattice parameter respectively. The influence of pulse parameters, namely peak current density, the duty cycle and pulse frequency on the grain size, surface morphology, crystal orientation and microstructure was studied. The results showed that with increasing peak current density, the deposit grain size was found to decrease markedly in other parameters at constant. However, in our experiment it was found that the grain size increased slightly with increasing pulse frequency. For higher peak current density, the surface morphology was smoother. The crystal orientation progressively changed from an almost random distribution to a strong (111) texture. This means that the peak current density was the dominated parameter to effect the microstructure of electrodeposited nanocrystalline nickel coating. In addition, the lattice parameter for the deposited nickel is calculated from XRD and it is found that the calculated value is less than the lattice parameter for the perfect nickel single crystal. This phenomenon is explained by the crystal lattice mismatch.
Introduction
Recently the study of the preparation and the structure of the nanomaterial has been the focus of many researchers in the world. As the particularity of the structure of the nanomaterial, the nanostructure material has a wide-application potential 1 compared to the conventional coarse-grained materials. There are many preparation methods. However, electrodeposition technique has developed rapidly lately, and especially pulse-plating electrodeposition has been an important method, which has caught interest from many researchers. Electrodeposition has many advantages over other nanoprocessing techniques, including (1) the potential for very large number of pure metals, alloys and composite systems which can be deposited with grain sizes less than 100 nm, (2) the low initial capital investment required to synthesize these materials, (3) high production rates, (4) low limitations for size and shape, and (5) the relatively minor "technological barriers" to be overcome in transferring this technology from the research laboratory to existing electroplating and electroforming industries.
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It has been well demonstrated that under certain preparation conditions, electrodeposition can yield nickel foils with a nanocrystalline microstructure. [2] [3] [4] [5] [6] [7] [8] [9] [10] It has been shown 2 that the corrosion resistance, strength, ductility, and other properties of nickel electrodeposits are strongly influenced by the microstructure of the deposits; however, the microstructure of the deposits is affected to a great extent by the plating variables. Significant effort 5, 6, 9, 10 has been devoted to explore how the plating variables such as current density, solution temperature, bath pH, the degree and type of agitation influence the microstructure. For the specific electrolyte (bath W) for preparing typically several micrometer thick nanocrystalline nickel foils, 11 it was found that the crystallite size decreased significantly with increased deposition current density.
Recently, it has been found in a cross-sectional transmission electron microscopy study 12 of these nickel electrodeposits with thickness of 1 µm or less, that the initial stage of layer growth is, indeed, the formation of a very fine-grained structure. Furthermore, the microstructure of the deposit was found to be strongly influenced by the substrate material, indicating the importance of epitaxy effects during layer growth.
The pulse electrodeposition technique has already been found to be very effective in controlling the structure and properties of nickel electrodeposits. [13] [14] [15] [16] In the present paper, the method of the pulse and jet plating electrodeposition is employed to synthesize nanocrystalline nickel coating from a modified Watts-type electrolyte system by applying rectangular cathodic current pulses. The effects of the electrodeposition variables and pulse parameters such as average current density, frequency and duty cycle on the surface morphology, grain size, preferred orientation and the variety of the lattice parameter of the deposit will be discussed.
Experimental Process
A conventional Watts-type solution, as shown in Table 1 , analytical grade chemicals and distilled water were used to prepare the solutions. Figure 1 shows the schematic diagram of the experimental set-up, which consists of a pulse power supply, an electrodeposited bath, an electrolytic bath, a temperaturecontrolled unit, a magnetic pump, a flowmeter and a vertical-placed jetting tube. Electrodeposited nickel foils were prepared by pulse-jet plating onto substrates which were cold-rolled polycrystalline mild steel foils with a thickness of 0.1 mm. Before electroplating, the substrates were degreased and derust respectively, and then activated in diluted HCl solution. The anode was made of titanium tube with a size of 8.58 mm 2 , which was vertically placed at a distance of 3 cm from the cathode. The bath temperature was maintained at 60 ± 1
• C. Bath pH was adjusted to 3.0 by adding diluted sulfuric acid, and after every sample preparation it was adjusted again. The electrolyte was replaced after four samples were finished.
The pulse electrodeposition was performed using rectangular cathode current pulses as shown in Fig. 2 . The average current density, i av , is defined by peak current density i p , on-time t on , and off-time t off in Eq. (1),
In pulse electrodeposition, the average current density varied from 47 to 82 A/dm 2 at an on-time of 0.1 ms and an off-time of 0.4 ms.
In our experiment, three group samples were prepared under the following conditions: (1) different average current density with the other parameters constant; (2) different pulse frequency f , where f = 1/(t on + t off ), at the other parameters constant; (3) different duty cycle R, where R = t on /(t on + t off ). The influence of these three parameters on the deposits microstructure was studied in the investigation. The surface morphology of the deposited nickel was examined by a scanning electron microscope, and a Tecnai-20 transmission electron microscope (TEM) equipped with a field emission gun was employed to determine the grain size at an operating voltage of 200 KV. In order to obtain the thin foils for TEM examination, the samples were first abrasive polishing and then electropolishing using an electrolyte comprising 6% perchloric acid, 15% methanol and 79% acetic acid at a low temperature of −10
• C and a voltage of 6 V d.c. A X-ray diffractometer (XRD) Cu-Kα radiation (λ = 1.5406Å) was used to determine the grain size and characterize the texture of the deposits, and to calculate the variety of the lattice parameter for the deposits.
Results and Discussion

Effect of average current density on microstructure
The XRD patterns as shown in Fig. 3 indicate the texture of the nickel deposits. It is obviously found that the nickel deposits have the preferred orientation of (111), which is the result of the low average current density 17 during the experiment. The traditional nickel crystal has a random texture. The overpotential is established by Tafel in Eq. (2) as follows:
where a and b are constants, η is the overpotential and i is current density. 18 According to Eq. (2), a higher current density would lead to a higher overpotential. It is also known that a higher current density might reduce concentration of nickel ions at the cathode surface. Therefore, one could reach the conclusion that higher current density would lead to a strong (111) fibre texture 19 From the XRD the grain sizes are determined by the Scherrier equation,
where θ is the peak diffraction position of the crystal planar face, in a general way, XRD pattern with 2θ. β is the half-high width of the peak position of the diffraction, k the constant and L the grain size in the direction of the crystal planar face. The grain size calculated from XRD shown in Fig. 3 and Eq. (3) is in the order of 20 nm. Figure 4 shows the surface morphologies of the nickel deposits obtained at the pulse average current densities of 47, 58, 70, 82 A/dm 2 with the pulse on-time of 0.1 ms and the off-time of 0.4 ms. Here, the pulse-off time should be longer than the pulse-on time in order to achieve a significant grain refinement.
20 Figure 4 illustrates that surface appearances are similar, which is considering that the variety of the average current densities is not so high and the grain size of the samples is less than 30 nm. Although the average current density is not very high, the sample with nanometer-grained size could also be obtained as mentioned above. This is due to the reason that a jet plating and pulse electrodepositing were applied in the experiment and the additive was added. The jet plating can enhance the mass-transport course of the electrodeposition reaction via high-speed flowing of the electrolyte near the cathodic surface, enlarge limiting current density, and hence, heighten the speed of electrodeposition. The advantage of the pulse plating has been previously stated by other researchers. [2] [3] [4] [5] On the other hand, the adsorption of the additive would result in the increase of the growth sites, urging the massive nucleation. In this case, the grain growth would be inhibited, and hence, the nanograins could be produced.
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The characteristics about the surface morphologies could be understood from Fig. 4 . The lowest current density of 47 A/dm 2 would result in the relatively rough surface as shown in Fig. 4(a) . When the average current density was higher, the surface morphologies would be smoother and more homogeneous. This phenomenon is consistent with the results reported by Kim and Weil 21 in pulse electrodeposition of nickel using a Watts-type bath. In fact, according to the classical theories on electrochemical phase formation and growth, the two dimensional (2D) nucleation rate, J is given by
where K 1 is the rate constant, b is the geometric factor depending on the shape of the 2D cluster, s is the area occupied by one atom on the surface of the cluster, ε is the specific edge energy, Z is the electron charge of ion, e is the charge of the electron, κ is the Boltzmann constant and η is the overpotential. The overpotential is determined as previously stated in Eq. (2). According to Eq. (2), the larger the current density, the higher is the overpotential. Thus, the nucleation rate increased from Eq. (4), which might lead to more homogeneous structure and finer crystal grain. Figure 5 shows a TEM bright-field image micrograph of this deposit. It shows that the deposit is homogeneous. Figure 6 shows the typical diffraction rings of the sample, which look bright and continuous obviously. According to Fig. 6 , we can conclude that the deposits are crystalled. 17 
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Fig .5 The bright-field TEM of the deposit Figure 7 shows the influence of the pulse frequency f on the deposits surface morphologies. It is clearly seen that when f increased, the surface morphologies are not obviously changed, and the difference of the grain size is also low. It is reasonable to deem that the mass-transport is given by jet-plating method, which enormously enhances enormously the quality of the mass-transport, and availably thins the diffusion layer nearby the cathode. Thus, electrodeposition reaction could take place under very high overpotential, and the limiting current density can be enlarged. 22 Therefore, the effect of pulse frequency may be counteracted and consequently, the difference of the grain size is low. The XRD pattern (Fig. 8 ) of the deposits illustrates the crystal orientation (111) of these deposits. It is seen that the frequency has not had any influence on the crystal orientation of the deposits. However, the intensity of XRD could be dependent on the frequency as seen from Fig. 8 . This may be attributed to the fact that the average current density with i av of 58 A/dm 2 is not high enough.
Effect of pulse frequency on the microstructure
The effect of duty cycle on the microstructure
The duty cycle, R, is defined as R = ton ton+t off . In this case, when t on increased, R increased with t off to be constant. The high magnification SEM morphologies of the deposits as shown in Fig. 9 , which, obtained at R of 20%, 33.3%, 40%, shows the microstructure with the grain sizes in the nanometer range. Figure 9 shows further refinement in grain structure obtained with the decrease of R. It has previously been argued that the decrease of t on results in the decrease of R and equally, the relative increase of the t off . This means that the relative increase of t off would result in the decrease about the difference of Ni 2+ cations concentration near the cathode. In this case, the depletion of Ni 2+ would reduce. A further increase in off-time led to the relaxation of the diffusion layer and, in turn, to increase the sufficient replenishment of Ni 2+ . Thus, the overpotential would be higher and the nucleation rate enlarged. This results in the refinement of the deposit crystal.
11 On the other hand, when t on is constant, the increase of t off would also result in the decrease of R, and in this case, El-Sherik et al. 11 have achieved that an overmuch increase in off-time led to a progressive increase in the size of the crystal and in the number of the large crystals. El-Sherik et al.
11 mentioned that longer off-time resulted in some sort of a desorption process, most likely Ni(OH) 2 crystals and/or H 2 molecules which led to an activation of growth centres and thus larger grain sizes. Figure 10 shows the XRD patterns of the deposits illustrating the crystal orientation (111) of these deposits. One could find that the duty cycle has not any influence on the crystal orientation of the deposits. It is again seen that the intensity of XRD could be dependent on the duty cycle as seen from Fig. 10 . This may also be attributed to the fact that the average current density i av of 58 A/dm 2 is not high enough.
The variety of the lattice parameter for the deposits
The lattice parameter for the nanocrystalline nickel deposits can be calculated by the Eq. (5) from XRD
where λ is the diffraction wavelengh (λ = 1.5406Å) for Cu-Kα of the X-ray, θ hkl is the peak position of the diffraction for the crystal face, (hkl) is the index of the crystal face, and a is the lattice parameter.
The calculated values of the lattice parameter for the deposits are listed in Table 2 , and the relationship between the grain size and the variety of the lattice parameter is shown in Fig. 11 . It is found obviously that all of the values of the lattice parameter for the deposits are less than that for the perfect nickel single crystal (a 0 = 0.3524 nm). The lattice parameter decreases with the decrease of the grain size. As we know, when the metal is deposited onto the substrate of a different metal from the deposits, there would be crystal mismatch, and then crystal distort would be produced. It is due to the fact that the lattice parameter for the deposited metal is different from that for the substrate. The lattice parameter for substrate low carbon steel with 0.2866 nm is lower than that for the perfect nickel single crystal (a 0 = 0.3524 nm). Therefore, at the initial stage the growth layer of the deposit would be influenced by the substrate foil. The deposited nickel would be compressed at the interface in order to match itself to the substrate. Therefore, the lattice parameter of the deposit is less than the perfect nickel single crystal. With the increase of the thickness of the deposits the influence of the substrate on the deposit would be weakened, and hence, the crystal lattice mismatch would disappeared gradually. Thus the variety of the lattice parameter is low.
Production of nanocrystalline by pulse-jetting plating
It may be deduced from electrocrystallization theory that high negative overpotential, high adion population and low adion surface mobility are the key factors for high nucleation rates and low grain growth rate. 24 Inhibitors such as jet mass-transport and additives are required to reduce the surface diffusion of adions on the cathode surface in order to produce nanograins in the order of 20 nm. This is consistent with Erb et al. 25 where they had reported the production of nanocrystalline nickel with grain sizes of the order of 10 nm from saccharin-containing Watts' baths. In this case, saccharin acted as an inhibitor limiting the surface mobility of adions on the cathode surface resulting in nanosized grains. 
Conclusions
Ultra-fine-grained nickel electrodeposits with grain size less than 20 nm were produced from an organicfree Watts' bath using pulse-jetting plating. Decreasing pulse on-time, namely the decrease of duty cycle, resulted in grain refinement which was attributed to the increase of overpotential. The crystal orientation progressively changed from an almost random distribution to a strong (111) fiber texture with increasing average current density. The grain size of these deposits, as expected, became smaller with increasing pulse current density.
